R esting heart rate (RHR) is a simple and useful indicator of autonomic balance and metabolic rate. 1 Emerging evidence has demonstrated an association between an elevated RHR and a higher risk of adverse cardiovascular events and mortality. [2] [3] [4] However, the underlying mechanisms are not well understood. It has been suggested that RHR may impact future cardiovascular disease risk via its association with arterial stiffness, one of the earliest detectable manifestations of adverse structural and functional changes within the vessel wall. 5 An elevated RHR was associated with arterial stiffness in 2 large cross-sectional studies. 1, 6 In a small Japanese cohort, Tomiyama et al 7 reported a synergistic role of high baseline RHR and increase in heart rate during a 5-to 6-year follow-up period in accelerating age-associated increases in arterial stiffness. However, to the best of our knowledge, whether RHR pattern for a longer period can predict the arterial stiffness has not been studied in any large population.
Pulse wave velocity (PWV) is the most validated method to quantify arterial stiffness noninvasively. PWV is considered the golden-standard index of arterial stiffness and a maker of atherosclerosis. 5 PWV has a strong predictive value of future cardiovascular events in general population 8, 9 or in patients with hypertension, 10 diabetes mellitus, 11 or end-stage renal diseases. 12 Recently, brachial-ankle PWV (baPWV) measurement, which is easy and convenient to be performed and can be widely used in large-scale populations, has become available in clinical settings. 13, 14 baPWV values have been associated with cardiovascular events, including coronary artery disease, peripheral artery disease, and stroke.
Results
Five distinct RHR trajectories during a 4-year follow-up period were identified (Figure 1 ). During 2006 to 2010, 18.2% participants (n=2282) had an RHR consistently <70 bpm (referred to as low-stable pattern); 69.8% participants (n=8768) had an RHR between 70 and 80 bpm (referred to as moderate-stable pattern); 6% participants (n=758) had an RHR of ≈80 bpm at baseline in 2006, which increased to ≈90 bpm during followup (referred to as moderate-increasing pattern), 1.1% participants (n=135) had an RHR consistently >100 bpm (referred to as elevated-stable pattern); and 4.9% participants (n=611) had an RHR between 90 and 100 bpm at baseline in 2006, which decreased to ≈80 bpm during follow-up (referred to as elevated-decreasing pattern). The basic characteristics of the 12 554 participants are presented in Table 1 .
Then, we examined whether the RHR trajectory pattern between 2006 and 2010 could predict the future risk of having arterial stiffness, which was assessed by baPWV between 2010 and 2016. Relative to individuals with low-stable RHR trajectory, individuals in the other 4 patterns had significantly higher baPWV levels (Table 2; Figure II in the online-only Data Supplement). Of note, although individuals with moderate-stable and moderate-increasing RHR patterns had similar baseline RHR (70-80 bpm), individuals with moderate-increasing RHR pattern had a significantly higher baPWV (1528±13 versus 1486±9 cm/s), indicating that RHR changes had an impact on the risk of arterial stiffness. Exclusion of participants who had hypertension (Table 2 ) generated similar results. After further adjustment for RHR in 2006 or in 2010, the trend remained the same and significant (data not shown). Although further adjustment for RHR at the time of baPWV assessment led to great attenuation of the association between RHR trajectories during 2006 to 2010 and baPWV in 2010 to 2016, the difference between the elevated-stable and low-stable patterns remained significant (adjusted difference=33.8; 95% confidence interval, 8.61-59.0). However, these results should be interpreted with caution because of concerns of overadjustment. We observed a significant interaction between age and RHR trajectories (P interaction <0.001) but not for sex (P interaction =0.26). The association between heart rate and baPWV was stronger among individuals ≥60 years of age, relative to younger adults ( Table 2 ).
The RHR trajectory pattern was a strong predictor of having arterial stiffness (baPWV ≥1400 cm/s)-adjusted odds ratio was 4.14 (95% confidence interval, 2.61-6.57) for the elevated-stable versus low-stable RHR patterns ( Figure 2 ).
We further found that a higher average RHR, a higher annual RHR increase rate, and a higher RHR variability between 2006 and 2010 were all associated with a significantly higher baPWV, a marker of arterial stiffness (Table 3) .
Discussion
In this study, we observed heterogeneous RHR trajectory patterns in a large cohort of 12 554 participants during a 4-year follow-up. We identified 5 unique RHR trajectory patterns. Individuals with elevated-stable RHR trajectory pattern (RHR 90-100 bpm) had the highest risk of having arterial stiffness, which was assessed by baPWV, and individuals with low-stable RHR trajectory pattern (RHR 60-70 bpm) had the lowest risk after adjustment for potential confounding factors, including socioeconomic status, lifestyle factors, use of medications, comorbidities, and serum concentrations of lipids, glucose, and high-sensitivity C-reactive proteins. When baseline RHR was further adjusted, RHR trajectories were still independently associated with the risk of having arterial stiffness.
A large body of epidemiological evidences has shown that RHR is associated with cardiovascular morbidity and mortality. [2] [3] [4] 19, 20 As a consequence, increased RHR has emerged as an independent risk factor both in primary prevention and in patients with hypertension, coronary artery disease, and myocardial infarction. 21 It was estimated that for each 15 bpm increase in RHR, the risk of cardiovascular disease can be increased by 24% in men and 32% in women. 19 Despite the compelling evidences from epidemiological studies, it is challengeable to determine the actual role of RHR in cardiovascular events because of the complex interaction among the various risk factors. 22 There have been several potential mechanisms proposed, including increased sympathetic tones, increased vascular sheer stress and endothelial damage by increased heart rate, and accelerated atherosclerosis. In animal studies, accelerated heart rate is associated with cellular signaling events leading to vascular oxidative stress, endothelial dysfunction, and acceleration of atherogenesis. Mangoni et al 23 provided experimental evidence that progressive increases in heart rate caused by atrial pacing in rats led to marked reductions in carotid artery compliance. In a 6-year follow-up of patients who were treated for hypertension, high RHR was associated with an accelerated progression of arterial stiffness, as estimated by carotid/femoral PWV. 24 Our results also support that not only a single RHR measurement or an average RHR value but also the trend of RHR change over time are important predictors of arterial stiffness.
Studies in different mouse models and different vascular beds consistently have shown that mild heart rate reduction (13% to 17%) protects endothelium-dependent vasorelaxation, 21 although no human studies have been performed to investigate whether there is any benefit of slowing RHR as a primary prevention strategy of cardiovascular disease. Our analysis adjusted for the potential confounding factors, including medications that can affect RHR and PWV, and physical activities that can modify RHR and comorbidities, and RHR and its change over time remain independent risk factors for accelerated arterial stiffness. It remains to be seen whether this association translates to a higher incidence of cardiovascular events and longer follow-up will be needed for these events to occur. It is important to note that whether heart rate patterns represent a cause or consequence of arterial stiffness is a worthy question to be considered and one that our cross-sectional methodology cannot definitely disentangle. On one hand, our results suggested that higher RHR and increasing heart rate trajectories over time were associated with higher arterial stiffness measured via baPWV. On the other hand, previous studies have shown that the assessment of arterial stiffness itself can be positively confounded by higher heart rate, 25, 26 thereby suggesting that the real-time measurement of baPWV may be influenced by the heart rate at the time of assessment or that greater arterial stiffness in itself induces higher heart rates. The idea that greater arterial stiffness causes higher heart rate makes physiological sense; therefore, the directionality or bidirectionality of our predictor and outcomes may be much more complex than our analyses suggest. Our study methodologies may be limited in that they cannot discern these potential interpretations; however, regardless of the direction or type of the interpretation, the observation that higher heart rate and increasing heart rate over time are associated with greater arterial stiffness is robust in our current study and in many smaller studies conducted before ours. 1, 6, 7, 24 Although RHR trajectories were significantly associated with altered baPWV levels in age-stratified analyses, the association seemed to be more pronounced in elderly participants, relative to those with younger age. Previous studies regarding whether age modified the association between RHR and cardiovascular events or risk factors generated inconsistent results. For example, 2 previous studies reported that the associations between faster RHR and risk of hypertension 27 and diabetes mellitus 28 were stronger in participants with younger age. In contrast, in another study regarding total and cardiovascular disease mortality, the interaction between age and baPWV indicates brachial-ankle pulse wave velocity. P interaction for age (y) and resting heart rate trajectory patterns was <0.001. *Adjusted for age (y), sex, smoking status (current, past, or never), alcohol intake status (current, past, or never), education status (illiteracy or elementary school, middle school, or college/university), physical activity status (never, sometimes, or active), and average monthly income of each family member (<500, 500 to 3000, or ≥3000 ¥).
†Adjusted for age (y), sex, smoking status (current, past, or never), alcohol intake status (current, past, or never), education status (illiteracy or elementary school, middle school, or college/university), physical activity status (never, sometimes, or active), average monthly income of each family member (<500, 500 to 3000, or≥ 3000 ¥), body mass index, use of antihypertensive agents (yes/no for each), hypertension status (yes/no), diabetes mellitus status (yes/no), and average serum concentrations of triglycerides, high-density lipoprotein cholesterol, total cholesterol, and high-sensitivity C-reactive protein during 2006 to 2010. Multivariable adjusted odds ratios and 95% confidence intervals (95% CIs) of arterial stiffness (brachial-ankle pulse wave velocity [baPWV] ≥1400 cm/s), based on trajectories of resting heart rate, after adjustment for age, sex, smoking status (current, past, or never), alcohol intake status (current, past, or never), education status (illiteracy or elementary school, middle school, or college/university), physical activity status (never, sometimes, or active), average monthly income of each family member (<500, 500-3000, or ≥3000 ¥), body mass index, use of antihypertensive agents (yes/no), hypertension status (yes/no), diabetes mellitus status (yes/no), and average serum concentrations of triglycerides, high-density lipoprotein cholesterol, total cholesterol, and high-sensitivity C-reactive protein during 2006 to 2010.
RHR was not significant. 29 In this context, further studies are warranted to examine whether the observed significant interaction between age and RHR trajectories in relation to arterial stiffness reflected true biological effects or was because of chance.
The advantages of our study are the large number of participants and repeated RHR measurements for a long period. Our study has a few limitations. Our study population only included individuals from the Kailun cohort, Tangshan community. More studies in the general population with different ethnic, education, and cultural background may be needed to make the study results more generalizable. Our study should be considered as a cross-sectional analysis because we did not assess baPWV repeatedly. The direction of the observed association, thus, cannot be inferred. Furthermore, because the baPWV assessments were completed in all participants in 2016, it remains to be seen whether the RHR pattern and its potential effect on baPWV can predict future risks of cardiovascular events. Longer follow-up is needed.
In conclusion, in this large community-based cohort, we found that RHR trajectory pattern is an independent risk factor for accelerated arteriosclerosis. Further longitudinal studies are warranted to examine whether RHR is associated with subsequent changes in arteriosclerosis status. baPWV indicates brachial-ankle pulse wave velocity. The values are adjusted for age, sex, smoking status (current, past, or never), alcohol intake status (current, past, or never), education status (illiteracy or elementary school, middle school, or college/university), physical activity status (never, sometimes, or active), average monthly income of each family member (<500, 500 to 3000, or ≥ 3000 ¥), body mass index, use of antihypertensive agents (yes/no), hypertension status (yes/no), diabetes mellitus status (yes/no), and average serum concentrations of triglycerides, high-density lipoprotein cholesterol, total cholesterol, and high-sensitivity C-reactive protein during 2006 to 2010.
